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Introduction
It is well known that biomass can be transformed into liquid fuels through the process of pyrolysis, which is in essence the thermal degradation of the organic material in the absence of oxygen [1] . The applicability of bio-oil from biomass is limited by its water content, elevated concentration of oxygenated molecules, high acidity and thermal instability [2] . Catalytic pyrolysis of biomass by the use of various catalysts has been introduced in order to improve the quality of the final bio-oil mainly through deoxygenation reactions [3] [4] [5] . In this regard, acid catalysts have been primarily studied in the transformation of bio-oils with the aim to remove the oxygen content of these molecules [6] [7] [8] . The main problem during deoxygenation reaction is the deactivation of these catalysts due to coke formation. Coking is attributed to the condensation of phenolic components, especially those of high molecular weight, which can make up to 30 wt. % of the liquid pyrolysis (based on biomass feed) [9, 10] .
In addition, the components of bio-oil have large molecular volume, which inhibit their diffusion to the active sites located inside the zeolite pores, obstructing processing and deoxygenation of the bio-oil.
In order to enhance the accessibility, the molecular transport and to avoid the pore blockage by coke deposition, mesoporosity formation in the zeolites seems a promising approach. The presence of mesopores in the crystalline framework of the zeolite would be equivalent to increasing its external surface, making a larger number of pore openings accessible to the large reactants. Corma evidenced the beneficial effect of the combination of micro and mesoporous region in the zeolite comparing the cracking activity of two series of Y zeolite samples, dealuminated by SiCl 4 and steam [11] . The steam-dealuminated samples contained a greater proportion of mesoporosity and gave higher conversion. It was clear that the increased accessibility to the acid sites through generation of mesopores had a positive impact on their catalytic performance, especially when large molecules were processed.
Enhanced performance was observed, even though these zeolites were severely dealuminated during steaming, exhibiting therefore lower concentration of acid sites.
Mesoporosity in zeolites can be also created through a process called desilication, which consists of a controlled extraction of silicon from the framework, treating the zeolite in alkaline medium. This treatment produced extended mesoporosity in zeolites crystals, with minor effect on their acidity [12, 13] . Several publications on this subject have recently emerged, especially focusing on MFI and MOR type zeolite [14] [15] [16] [17] .
Considering that catalytic reactions involving large molecules, take place mainly at the pore mouth [18, 19] , a large fraction of the active sites in zeolites would be inaccessible.
Desilication treatment could be a good option, increasing accessibility of acid sites through the generation of mesopores, while preserving at the same time acid sites. Mesoporous zeolites obtained by desilication in basic medium have been studied in the catalytic cracking of pure compounds, naphtha and polymers leading to an important increase in activity due to the enhanced accessibility [20] . Park et al. [21] studied the application of hierarchical MFI zeolites obtained by synthesis with organosilanes in the cracking of VGO showing higher activity and selectivity to gasoline. Current application of mordenites (MOR) in FCC is limited due to diffusional limitations. Formation of mesopores would facilitate their use both increasing accessibility and improving selectivity to middle distillates.
A mesoporous MFI catalyst, a new material with the advantages of both zeolite catalysts and mesoporous materials was synthesized using a mesopore directing agent and was also recently evaluated in the catalytic upgrading of miscanthus-derived bio-oil showing the highest activity for the deoxygenation and aromatization, among all catalysts tested in this study (Al-MCM-41, Al-MCM-48, HZSM-5) [22] . The effect of modifying the bulk silica-toalumina ratio in ZSM-5, incorporating hierarchical mesopores, and selectively removing external surface acid sites was also investigated on the activity and selectivity of biomass conversion during catalytic fast pyrolysis (CFP) of glucose, furan, and maple wood. Creating hierarchical mesopores within the zeolite slightly increased coke formation and decreased the formation of the monocyclic aromatics, also favouring the production of larger alkylated monoaromatics. The selective removal of external acid sites from the ZSM-5 catalysts only slightly increased the catalyst activity but also decreased the selectivity to the desired aromatic products [23] . Novel hierarchical cerium incorporated HZSM-5 catalysts, were investigated in the catalytic fast pyrolysis of glucose and exhibited high coke reduction and a shift from the formation of BTX (benzene, toluene, xylenes) to oxygenated chemicals, when compared to cerium-loaded control materials prepared by incipient wetness impregnation and by ion-exchange. These catalysts were also reported to perform C-C bond formation reactions between carboxylic acids via ketonization [24] . Finally, Meso-MFI and Pt-Meso-MFI were used and evaluated for the first time for the catalytic pyrolysis of rice husk. The yield of oxygenates that can degrade the quality of the produced bio-oil was reduced due to catalytic upgrading, by 38% with Meso-MFI and by 49% with Pt-Meso-MFI, demonstrating the outstanding activity of the Pt-Meso-MFI catalyst in deoxygenation. Moreover, Meso-MFI exhibited a good selectivity for aromatics, which is ascribed to its strong acid sites and shape selectivity due to the MFI structure. Pt-Meso-MFI was even more effective in the upgrading of bio-oil because of the additional catalytic effect of Pt [25] .
In the present work, modified mordenite zeolites with controlled acid sites and mesoporosity were prepared and the influence of the several desilication parameters (NaOH concentration, temperature and time) on the structural, textural and acidic properties was studied. In addition, the more stable mesopore-modified mordenite samples were tested as candidate catalytic materials in the lignocellulosic biomass pyrolysis process, a known, interesting route for the valorisation of this renewable source towards production of liquid fuels. Besides that, the modified mordenite zeolites were also tested in the catalytic cracking of vacuum oil, considering that the generated mesopores will improve the activity and selectivity of these zeolites, when molecules with large volume are processed.
Experimental

Mordenite zeolites
Two commercial Mordenites (purchased from Zeolyst Intl.) with different nominal Si/Al ratios of 5 (CBV10) and 10 (CBV20) were employed as parent materials. The catalytic materials were used as received and were subjected to an alkaline solution treatment to create mesoporosity [26] . They were subsequently acid treated for dealumination and removal of the extraframework debris formed during the alkaline treatment. The resulting zeolites were acquired in the ammonium form and were transformed in their acid counterparts by calcination at 773 K in air for 12 hours.
Alkaline treated mordenites
The severity of the desilication treatment was initially studied on the parent acidic Mordenites samples. The general alkaline treatment was as follows: 5 grams of ammonium form-zeolite were added on 150 ml pre-heated alkaline solution of a given concentration, at different temperatures, for 30 minutes, under continuous stirring. The alkaline treated-zeolite was recovered by filtration and washed with hot distilled water, until neutral pH. The derived samples were recovered in the inactive Na-form, and thus were subsequently transformed into their acid counterparts by double ion exchange treatment in an aqueous 2.5 M NH 4 Cl solution at 353 K for 2 h, followed by calcination at 773 K in air for 3 h. The specific conditions of the desilication procedures employed are given in Table 1 . Powder X-ray diffraction (XRD) was used for the verification of the crystallinity of the zeolite catalysts. The patterns were collected using a Panalytical X´Pert Pro diffractometer, operating at 40kV and 45 mA and employing nickel-filtered Cu Kα radiation (λ = 0.1542 nm). N 2 adsorption/desorption isotherms at 77 K using a Micromeritics apparatus (ASAP-2020) were used for the determination of the porosity properties of the catalytic materials.
Prior to the measurement, the samples were degassed in high-vacuum at 673 K for 10 h, being the final pressure lower than 10 -5 mbar. The Brunauer-Emmett-Teller (BET) and Langmuir methods [27] were applied to calculate the total surface area, which is used for comparative purposes. The t-plot [28] method was used to discriminate between micro-and mesoporosity.
The pore size distribution was obtained by applying the Barret-Joyner-Halenda modified by Kruk, Jaroniec and Sayari (BJH-KJS) model [29] to the adsorption branch of the isotherm.
FT-IR spectroscopy combined with step-wise desorption of pyridine was used for the determination of the Brönsted and Lewis type acid sites of the catalysts, using a Nicolet 710 FTIR apparatus following the experimental procedure detailed in [30] . The amount of Brönsted and Lewis acid sites was determined from the integrated areas of the bands at ca.
1545 cm -1 and 1450 cm -1 , respectively, using the extinction coefficients obtained by Emeis [31] .
Finally, transmission electron microscopy (TEM), using a Philips CM-10 microscope operating at 100kV was used for in depth investigation of crystallinity changes (loss of crystallinity, decrease in average crystal domain etc) as a result of the mesporosity formation.
The samples under investigation were initially ultrasonically dispersed in 2-propanol and then transferred to carbon coated copper grids.
Biomass feedstock properties
The biomass used in this study was a commercial lignocellulosic biomass (Lignocel HBS 150-500) originating from beech wood. The properties of the biomass feedstock are shown in Table 3 . The ash content of biomass was measured with a method similar to the ASTM E1755-01 and was determined as the solid residue after dry oxidation of biomass in air at 873 K for 16 h. The moisture was determined by drying at 375 K for 4 h. Carbon and Hydrogen (C and H) content was determined by elemental analysis using a LECO-800 CHN analyser. 
Biomass flash pyrolysis (non-catalytic and catalytic) experiments
All pyrolysis experiments were performed at 773 K, using a bench-scale fixed bed reactor, made of stainless steel 316 and heated by a 3-zone furnace. The temperature of each zone was independently controlled using temperature controllers. The catalyst bed temperature was considered as the experiment temperature and was monitored with a thermowell. A specially designed piston system was used to introduce the biomass feedstock into the reactor. A constant stream of N 2 was fed from the top of the reactor for the continuous withdrawal of the products and maintenance of an inert atmosphere during pyrolysis. The products exited from the bottom of the reactor in gaseous form and were condensed in a glass receiver submerged in a cooling bath that was kept at 256 K. Noncondensable gases were collected in a gas collection system. A filter placed between the glass receiver and the gas collection system recovered any condensable gases that were not The liquid products were collected and quantitatively measured in the pre-weighted glass receiver. The pyrolytic vapours, upon their condensation in the glass receiver, formed multiple phases; an aqueous phase, a liquid organic phase and viscous organic deposits on the receiver walls. Extensive effort has been put in the development of a method for the collection of a representative bio-oil sample for analysis. Towards this goal, the bio-oil was first fully homogenized inside the receiver using ethyl lactate as the solvent and then collected as a solution, which was then submitted for analysis. Ethyl lactate was chosen for its nonvolatility, which minimizes errors during weighing. It also proved to be a good solvent for all the bio-oil samples in this study.
The water content of the bio-oil was determined by the Karl-Fischer method (ASTM E203-08). The water/aqueous phase present in the bio-oil was separated from the organic phase using an organic solvent (dichloromethane). The organic phase of the bio-oil was analysed by GC-MS using an Agilent 7890A/5975C gas chromatograph-mass spectrometer system (Electron energy 70 eV, Emission 300 V, Helium flow rate: 0.7 cc/min, Column: HP-5MS 30 m x 0.25 mm ID x 0.25 µm). Internal libraries were used for the identification of the compounds found in the bio-oil and their categorization into main functional groups. The gaseous products were collected inside a container filled with oil and measured by the water displacement method (as the gases filled the container, the oil was pushed out inside a volumetric cylinder and the total volume of the produced gases was determined as the total volume of the pushed out oil). The gaseous products were analysed in a HP 5890 Series II gas chromatograph, equipped with four columns (Precolumn: OV-101, Columns: Porapak N, Molecular Sieve 5A and Rt-Qplot 30 m x 0.53 mm ID) and two detectors (TCD and FID).
The amount of the solid residue left in the reactor and deposited on the catalyst surface, consisted mainly of charcoal and coke-on-catalyst formed by thermal and/or catalytic cracking and was determined by direct weighting.
Catalytic cracking of gasoil
Catalytic cracking of vacuum gasoil was performed in a Microactivity Test Unit following the procedure described in the literature [30, 32] . The reaction gases (H 2 , CO, CO 2 , H 2 S and C 1 to C 4 hydrocarbons) were analysed by gas chromatography in a rapid refinery gas analyser from Bruker (450-GC). Simulated distillation in a Bruker SIMDIS was also performed. The catalyst samples were pelletized (0.5-0.8 mm) and mixed with pure silica (0.5 g of zeolite -2.5 g of silica). The properties of vacuum gasoil used were described elsewhere [32] .
Results and Discussion
Physicochemical characteristics of zeolitic catalysts before and after alkaline treatment
The chemical composition and textural properties of the parent and alkaline-treated MOR zeolites, in their protonic form, are summarized in Table 4 . The acidity of the parent zeolites and the optimal desilicated zeolites was studied by the FTIR-pyridine step-wise desorption technique. The quantitative results on acid properties of the alkaline treated mordenite samples obtained are presented in Table 5 . In addition, the XRD patterns of all zeolites (treated samples and their corresponding parent materials) are shown in Figures 1 and 2 .
The results shown in Table 4 Mordenite sample having the lowest Si/Al ratio (CBV10) was much more stable than the high silica material (CBV20) towards alkaline treatment, as clearly evidenced in Table 4 and The formation of mesoporosity is clearly seen in the TEM images, provided in Figure 3 ,
where the original CBV20 mordenite sample is compared to the treated alkaline materials.
The formation of large 'pores' was observed, which were not present in the parent material.
The size and number of these newly formed mesopores increased as the severity of the alkaline treatment increased. The formation of mesoporosity during the alkaline treatments was further proved by means of N 2 adsorption studies. The evolution of mesoporosity by increasing severity of the alkaline treatment was clearly supported by the steady increase of the mesoporous volume given in Table 4 , but was even more evident upon inspection of the adsorption isotherms of N 2 (Figure 4) , where it is obvious that the N 2 uptake at high P/P 0 increased with the concentration of NaOH used during treatment. This increase was accompanied by a less pronounced diminution of the micropore volume, as it was suggested by the 25 % loss of crystallinity, observed by means of X-Ray diffraction and corroborated from the micropore volume values reported in Table 4 . strong influence on the efficiency of extracting Si by alkaline treatments. It was observed that the mesoporosity formation on the Mordenite sample having a Si/Al ratio of 6.5 was much lower than that on the Si rich material (Si/Al ratio of 10). In fact, it is known that zeolites of high Al content are less sensitive to alkaline treatments [13] . Thus, it is expected that sample CBV20-D1 with an optimal combination of micropore, mesopore volume and acidity will perform much better than the parent zeolite during catalytic processes involving bulcky molecules, which preferentially react on the acid sites of the external surface. Both pyrolysis of biomass or catalytic cracking of gasoil are such processes.
Physicochemical characteristics of zeolitic catalysts after acid treatments
As stated above, the Si/Al ratio of the desilicated mordenite materials decreases with the alkaline treatment. This could have a negative effect on the stability and acid strength of the final catalyst. Thus, we have conducted a new series of dealumination experiments on one desilicated mordenite (CBV20-D1) through acid treatments using HNO 3 aqueous solutions of different concentrations and at different temperatures (see Table 2 for experimental details).
For comparison purposes, acid treatment of the parent CBV-20 zeolite was performed as well. Table 6 shows the chemical composition and textural properties of acid treated samples in comparison to the parent materials. The X-Ray diffraction patterns shown in Figure 5 clearly indicate that crystallinity of Mordenite samples was partially retained. This was further supported by the micropore volume values given in Table 6 , which shows that minor diminution of the micropore volume occurred upon acid treatments with respect to the parent zeolites. The retention of crystallinity was achieved without affecting the porosity of the parent Mordenites. This was clearly seen in the TEM images ( Figure 6) , where no modification of the mesoporous structure of the mordenite was observed. In addition, it was further supported by the fact that the mesoporosity of the acid treated materials did not change significantly upon HNO 3 washing.
The Si/Al ratios of acid treated samples increased as the temperature or the acid concentration of the treatment increased, resulting in high silica mesoporous Mordenite samples. Even more important than porosity, were the dramatic changes in acidity observed in the acid-submitted mordenites. Indeed, alkaline treated materials had a lower acidity than the parent mordenites as it is shown in Table 5 and the acid site concentration and strength of acid sites diminished with increasing severity of the alkaline treatment, even though the Al concentration in those samples increased. On the other hand, when desilicated mordenites were acid treated under mild conditions, the number of the Brönsted acid sites increased (sample CBV20-D1-A1). CBV20-D1-A1 had approximately the same Al content as the alkaline treated-parent zeolite, but its Brönsted acid concentration was nearly 1.5 times higher, as shown in Table 7 . This is extremely important regarding the final catalytic activity of the hierarchical porous mordenite developed in this work. Table 7 . Acidity of parent zeolites and optimal desilicated zeolites.
Samples
Si/Al Brönsted Acidity (mmoles Py/g ) a Lewis Acidity (mmoles Py/g) a 523 K 623 K 673 K 523 K 623 K 673 K CBV20-D1-A3 75.0 0.044 0.014 0.009 0.008 0.008 0.007 a using the extinction coefficients obtained by Emeis [31] parent desilicated mordenite, leading to high silica mordenites with Si/Al ratios as higher as 75. Naturally, the acid site concentration in these samples diminished as the Si/Al ratio increased. It can be concluded that fine tuning of the porous and acid properties of the final mordenite zeolite is possible by subsequent desilication-dealumination treatments on the parent material, while the meso and microporosity can be finelly tuned by controlling the severity of the first alkaline treatment. Thus, the most appropriate texture and acidity on MOR catalysts can be selected for each target process. 
Non-catalytic and catalytic flash pyrolysis of biomass feedstock
The product yields (wt. % based on biomass) from the non-catalytic and the catalytic using the untreated zeolites pyrolysis of the lignocellulosic biomass (beech wood) are shown in Table 8 . Table 8 that both mordenite catalysts resulted in a pronounced decrease in total liquid yield, compared with the non catalytic pyrolysis (use of inert silica sand) and a simultaneous increase in water content in the bio-oil, gaseous products and solid yields (coke production), at the expense of the organic fraction yield. The bio-oil production was severely reduced, leading to significantly low organic yields. These effects were attributed to the strong zeolitic acidity, especially of the Brönsted type, in agreement with the relevant literature [3, 33, 34] . Increased water yield is related with enhanced dehydration reactions, while lower organic yield and higher gases are related with enhanced cracking reactions, as additionally supported by increased ethylene and propylene yields. Very interesting is the enhancement of CO (decarbonylation reactions) production when using these two catalysts (Table 9 ). Between the two materials, CBV20 was more active as it produced more pyrolysis gases (mainly CO and light hydrocarbons) and induced a more pronounced decrease in the organic liquid yield than CBV10. The higher activity of the CBV20 mordenite was attributed to its higher Brönsted and Lewis acidity (see Table 5 ). The decrease in the oxygen content of the bio-oil, which is a crucial improvement for its utilization as a fuel substitute, was significant for both materials. The CBV10 however, seemed to be more promising since it yielded more organic liquid products with slightly less oxygen content than CBV20.
The composition of the bio-oil (wt. % on total organics) produced from the non-catalytic and catalytic flash pyrolysis of lignocellulosic biomass is shown in Figure 7 . The main groups identified in the organic phase of catalytically produced bio-oils, as can be seen in Figure 7 , were phenols, aromatics and PAHs. On the contrary acids, esters, furans, ethers, aldehydes and ketones were also present but, in most cases, in lower relative abundance (chromatogram peak area %) as compared to the non-catalytic experiments. Undesirable products such as acids, ketones and heavier compounds were reduced with both catalysts. The more acidic CBV20 exhibited slightly higher selectivity towards aromatic hydrocarbons and achieved higher conversion of acids and ketones than the less acidic CBV10. In an effort to enhance mass transfer effects in order to limit secondary reactions, probably responsible for the low organic yields, and enhance accessibility of the larger molecules to the catalyst, the zeolites were submitted to alkaline treatments, as previously described, aiming to form mesoporosity in the samples. The effect of alkaline treatment on product yields is summarised in Table 10 . Starting from the CBV10 material, it was evident that alkaline treatment (CBV10-D3 sample) modified its catalytic performance. The reduction in the surface area and acidity of the catalyst (see Tables 4 and 5 ) resulted in reduction of the catalytic activity. Total liquids and organic phase were slightly enhanced at the expense of water formation, while the oxygen content of the organic fraction slightly increased. However, taking into consideration the severe reduction in the acidity and surface area of the catalysts, the increase in the oxygen at the organic fraction was not as high as it would have been expected. The mesoporosity created after the alkaline treatment tentatively had a beneficial effect in the catalytic deoxygenation performance.
An opposite effect was however observed with the CBV20 sample after the alkaline treatment. The retention of the high surface area of sample CBV20-D1, combined with the formation of mesopores, resulted in enhanced activity despite the reduction in its acidity. The treated sample led to lower organic and higher water yields, with a consistent increase in gases (mainly CO 2 ) and water. It is worth noting that despite the increased activity of the catalyst, coke formation was lower than in the parent material. The enhanced decarboxylation and dehydration reactions, combined with suppressed carbon deposition on the catalyst, resulted in a remarkable decrease in the oxygen content of the organic fraction and therefore, in liquid bio-oil product of superior quality.
The composition of the produced pyrolysis gases is given in Table 11 , where slight variations are observed as a result of the alkaline treatment. In the case of the CBV10 sample, an inhibition of secondary cracking reactions due to its reduced activity could account for the increase in total liquids and organic yield, a fact supported by the small decrease in C 2 and C 3 hydrocarbons present in the pyrolysis gases, while decarbonylation reactions seemed rather unaffected. The same trend was observed in the case of the CBV20 sample, where alkaline treatment still had no effect on decarbonylation reactions, however decarboxylation and cracking were enhanced, as indicated from the increase in CO 2 and all light hydrocarbons.
This fact could be explained considering the retention of the material's high surface area and the presence of mesopores, able to process the larger molecules of the pyrolysis vapours. With regard to the effect of alkaline treatment on the composition of the organic liquid phase, the porosity and acidity of the candidate catalytic samples also seemed to play an important role. The alkaline treatment of the CBV10 retained all undesirable components at the same low or even lower levels (acids, ketones) and it significantly increased the phenols, leading to a bio-oil consisting mainly of phenols. The decreased acidity and overall activity of the treated catalyst resulted in lower selectivity towards hydrocarbons (aromatic hydrocarbons and PAHs) and higher heavy compounds yield, as compared with the parent material.
In the case of the CBV20, alkaline treatment had a different effect. On one hand, it retained most undesirable components (acids and ketones) at low levels but at the same time reduced phenol formation. Formation of PAHs was remarkably increased, possibly due to the increased consumption of the in-situ generated hydrogen by the dehydration reactions (which resulted in high hydrogen deficiency and caused formation of PAHs instead of aromatic hydrocarbons) and the presence of mesopores that allowed the formation of larger molecules.
A very important property of the targeted high quality bio-oil is its oxygen content. It is thus considered important to develop a catalyst that has the ability to retain a high yield of organic liquid product, while affecting its composition in such a way, that it reduces its oxygen content. Figure 10 summarizes the performance of each catalyst (fresh and treated) in the bio-oil produced during biomass pyrolysis by presenting quantity vs. quality (oxygen content) effects on the bio-oil produced. As it can be seen in Figure 10 , a particularly beneficial effect was observed in the case of the CBV20 catalyst, where treatment caused a small decrease of organic yield, but a pronounced increase of the carbon/oxygen ratio, thus leading to a much higher quality bio-oil.
In the case of the CBV10 catalyst, the alkaline treatment resulted in an increase in the organic fraction yield, which was accompanied however by a decrease of the carbon/oxygen ration. 
Catalytic cracking of gasoil
Although biomass pyrolysis is a promising technology to produce fuels, the current technology for obtaining carburant is still the catalytic cracking of vacuum gasoil. Thus, it may be worth to test the mordenite-based catalysts for this process. It was shown above that the total acidity of the modified mordenites studied in this work decreased due to alkaline treatment (see generating mesopore-modified mordenite samples with higher total acidity. The cracking of vacuum gasoil was studied over the newly treated samples (desilicated and then dealuminated). The higher activity and external surface area mordenite was selected for the tests, along with the parent sample for comparison purposes (CBV20, CBV20-D1 and CBV20-D1A1).
The results obtained in the catalytic cracking of vacuum gasoil are shown in Figures 11-13 . An increase in the total conversion for the desilicated and dealuminated sample (CBV20-D1A1) was observed. By fitting conversion results to a second order kinetics, the rate constants found were: 0.0125, 0.0124 and 0.0155 g oil h -1 g zeolite for CBV20, CBV20-D1 and CBV20-D1A1respectively. The detrimental effect of extra-framework aluminum in the catalytic cracking activity is well known because, if cationic, it poisons acid centres decreasing the overall acidity. Thus, the best results were obtained with the CBV20-D1A1 sample, in which an important part of the extra-framework aluminum was removed and the original acidity of the parent MOR zeolite was recovered ( Table 7 ). The CBV20-D1 did not improve the total conversion due to its lower acidity that was not compensated by its improved external surface.
When looking at the product selectivities calculated at constant conversion values, it can be seen that the desilication treatment enhanced the yield of middle distillates, especially light cycle oil (LCO), along with a minor improvement in the gasoline yield, and a correspondent decrease in the production of C1-C4 gases. This product distribution indicates that the increase in the external surface, while preserving the acidity enhances diffusion of vacuum gasoil, and therefore selectivity was shifted to primary middle distillates and reduced for the secondary gases production. The decrease in the yield of gases was compensated by an improvement in their quality, with a higher olefinicity of the C 3 and C 4 fraction ( Figure 12 ).
Moreover, the influence of the external surface area was very clear in bottoms conversion ( Figure 13 ). In fact, the selectivity to bottoms was very low for the sample CBV20-D1A1 sample (similar to what would be expected from a USY zeolite) and much lower than that observed on the parent and alkaline-treated MOR zeolites. This observation is probably related with a more accessible and active surface that was able to crack the heaviest part of the vacuum gasoil as well as to the high acid site concentration attained on the sample CBV20-D1A1. In summary, considering cracking of gasoil, desilicated and especially desilicated and dealuminated mordenites exhibited the highest activity and selectivity towards LCO with the best olefinicity in gases and higher bottoms conversion. Therefore, an optimized desilicateddealuminated mordenite additive could be an interesting candidate as component of the FCC catalyst for high LCO yield. 
Conclusions
The generation of mesoporosity in zeolites can enhance the accessibility of large biomass derived molecules and thus the catalytic activity, possibly limited by the narrow entrance of micropores. Two commercial Mordenites were subjected to an alkaline solution treatment to create mesoporosity. Characterization of the samples evidenced that it is possible to generate mesoporosity on Mordenites with different Si/Al ratios by controlling the severity of the alkaline treatment. This treatment is accompanied by a selective extraction of Si, resulting in Mordenite zeolites with low Si/Al ratio and with both micro-and meso-pores. When tested in biomass pyrolysis parent mordenites achieved a significant decrease in the oxygen content of the bio-oil produced, which is a crucial improvement for its utilization as a fuel substitute. However, the low Si/Al ratio seemed to be more promising, since it yielded more organic liquid products with slightly less oxygen content than the high Si/Al zeolite. On the contrary the latter zeolite exhibited slightly higher selectivity towards aromatic hydrocarbons and achieved higher conversion of acids and ketones, a fact related with higher acidic properties.
The mesoporosity created after the alkaline treatment tentatively exhibited promising effects on the catalyst's deoxygenation potential. A particularly beneficial effect was observed in the case of the high Si/Al zeolite catalyst, where treatment caused a small decrease of organic yield but a pronounced increase of the carbon/oxygen ratio, thus leading to a much higher quality bio-oil.
Catalytic cracking of vacuum gasoil, the current technology for fuel production, could also take advantage of mesoporosity formation in zeolites. Alkaline treated Mordenite were additionally acid treated for dealumination and removal of the extraframework debris, thus generating mesopore-modified mordenite samples with very high total acidity. Desilicated and especially desilicated and dealuminated mordenites exhibit higher activity and selectivity towards middle distillates (LCO), while presenting higher olefinicity in gases and higher bottoms conversion. Thus, such modified micro-mesoporous mordenites seem very promising as candidate additives of advanced FCC catalysts for heavier feedstocks.
